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TRANSGENIC PLANTS AND INSECTS
Modeling the Impact of Cross-pollination and Low Toxin Expression in
Corn Kernels on Adaptation of European Corn Borer (Lepidoptera:
Crambidae) to Transgenic Insecticidal Corn
J. KANG,1 D. W. ONSTAD,2 R. L. HELLMICH,3 S. E. MOSER,3,4 W. D. HUTCHISON,5
AND J. R. PRASIFKA6
Environ. Entomol. 41(1): 200Ð211 (2012); DOI: http://dx.doi.org/10.1603/EN11133
ABSTRACT Weused amathematicalmodelwith processes reßecting larvalmortality resulting from
feeding on cross-pollinated ears or Bt ears of corn to analyze the risk of evolution of Cry-toxin
resistance in Ostrinia nubilalis (Hu¨bner). In the simulations, evolution of resistance was delayed
equally well by both seedmixtures and blockswith the same proportion of refuge. Our results showed
that Bt-pollen drift has little impact on the evolution of Bt resistance in O. nubilalis. However,
low-toxin expression in ears of transgenic corn can reduce the durability of transgenic corn expressing
single toxin, whereas durability of pyramided corn hybrids is not signiÞcantly reduced. The toxin-
survival rate of heterozygous larvae in Bt-corn ears expressing one or two proteins has more impact
on evolution of Bt resistance inO. nubilalis than the parameters related to larval movement to Bt ears
or the toxin-survival rate of the homozygous susceptible larvae in Bt ears. Bt resistance evolves slower
when toxin mortality is distributed across the Þrst two larval stadia than when only the Þrst instars are
susceptible to Bt toxins.We suggest that stakeholders examine toxin-survival rates for insect pests and
take into account that instars may feed on different parts of Bt corn.
KEY WORDS Bt corn, resistance management, simulation
European corn borer, Ostrinia nubilalis (Hu¨bner)
(Lepidoptera: Crambidae), has been the most wide-
spread insect pest of corn (Zea mays L.) in the Corn
Belt since the introduction in the United States (Caf-
frey and Worthley 1927, Mason et al. 1996, Hutchison
et al. 2010). Transgenic-insecticidal corn was grown
commercially for the Þrst time in 1996, and, by 2009,
was grown in 135 million ha in 25 countries (James
2009). Transgenic corn hybrids that express one or
more proteins from the bacterium Bacillus thuringien-
sis Berliner (Bt corn), can have high efÞcacy against
lepidopteran and coleopteran pests and comprised
over 63% of the total U.S. corn production in 2010
(USDA-ERS 2010). In the absence of Þeld-evolved
resistance to Bt, populations ofO. nubilalis have grad-
ually declined over time in at least Þve major corn
producing states because of Bt corn use (Hutchison et
al. 2010). Despite the signiÞcant selection pressure on
O. nubilalis since 1996, no O. nubilalis populations
with major resistance to Cry toxins have been re-
ported in the Þeld (Carrie`re et al. 2010).
Chilcutt and Tabashnik (2004) concluded that
cross-pollinated corn ears in the refuge can accelerate
resistance evolution if fewer susceptible moths are
produced in a refuge or if intermediate levels of toxin
in cross-pollinated ears in a refuge kill susceptibles but
allow heterozygotes to survive. Heuberger et al.
(2008) studied the effect of refuge contamination by
transgene on Bt-resistance evolution by the pink boll-
worm, Pectinophora gossypiella Saunders (Lepidop-
tera: Gelechiidae), in cotton, Gossypium hirsutum L.
They concluded that Bt-pollen contamination has
negligible effects on resistance evolution as long as
contamination does not confer a selective advantage
to heterozygotes over homozygous susceptible larvae
in the refuge. Reduced mortality of Bt-susceptible-O.
nubilalis larvae feeding on kernels of Bt corn express-
ing Cry1Ab was observed by Burkness et al. (2011),
and it raised the possibility that the survival rates of
heterozygotes and homozygous susceptibles feeding
on ears of Bt corn can be greater than those of
heterozygotes and homozygous susceptibles feeding
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on stems or leaves of Bt corn. If more heterozygotes
on ears of Bt corn survive, it can accelerate resistance
evolution. We used a mathematical model with pro-
cesses reßecting larval mortality caused by feeding on
1) cross-pollinated ears in the refuge and 2) ears of Bt
corn, to analyze the risk of these factors in the evo-
lution of Bt resistance in O. nubilalis.
Methods
The model of Onstad and Gould (1998b) was mod-
iÞed to simulate two plant toxins. For each resistance
gene, the initial frequency of the resistant allele is
0.0001. To reßect the current O. nubilalis population
levels (Hutchison et al. 2010), we start themodel with
11.7million eggs per 100 ha and assume 16.2 larvae per
100 maize plants (Gray 2009). The initial egg geno-
typic frequencies followed a HardyÐWeinberg distri-
bution. Resistance evolution is deÞned as the number
of years required for the resistance allele frequency to
reach 0.5. Many variables and processes can be im-
portant, but we have restricted our analysis to factors
that relate to larvae in single toxin scenarios with 20%
refuge andpyramided, double-toxin scenarioswith 5%
refuge. The model is programmed in Microsoft Visual
C.
Two discrete generations per year are simulated in
a landscape containingBt-pollen contamination in the
refuge and low-toxin expression of Bt ears. The se-
quence of the processes in the model is described in
Fig. 1.Each season lasts 147dunder Illinois conditions,
whendegree-day is in the rangeof330Ð1,740withbase
temperature 10C (Onstad 1988). Simulations last 100
yr (200 generations) and the same temperature pat-
tern, which is the 30-yr normal maximum and mini-
mum temperatures for Champaign-Urbana, IL, is used
Fig. 1. Processes in O. nubilalis Bt resistance management model.
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for each year (Onstad and Guse 1999) and the time
step is 1 d.
Diapause.Weuse the following function byOnstad
and Brewer (1996) to calculate the proportion of lar-
vae entering diapause (proportion/1 d).
Dial maxDlapIndl [ 384  30.8  S
 2.33  T  5.11  L] [1]
Dia(l) is proportionof life stage, l, indiapause.Dia(l)
is never 1 or 0. maxDiapInd(l) is the maximum
induction rates of diapause for life stage. The maxi-
mum induction rates of diapause for Þrst, second,
third, fourth, and Þfth stadium are 1, 0.89, 0.685, 0.285,
and0, respectively. Scotophase(S,hours) is calculated
by using functions described by Sellers (1965). T is
Þve-day-running-average temperature indegreesCel-
sius and L is the latitude in decimal degrees. For each
time step,Dia ismultiplied to output from larval stages
to calculate the number of larvae in diapause.
Toxin Mortality of First and Second Instars. Be-
cause loci providing major resistance to Cry toxins
have not been found in O. nubilalis (Carrie`re et al.
2010), we emphasize scenarios in which resistance
confers 100% survival in resistant homozygotes;
stoxRR  1, where, stox(g) is the toxin-survival rate of
a genotype (g). Toxin survival rate for susceptible Þrst
instars feeding on Cry1 F corn is calculated as 0.001
before the date of anthesis (Pereira et al. 2008). Cre-
spo et al. (2009) estimated the survival rates of a
laboratory-selected Cry1Ab-resistant strain, a suscep-
tible strain and their heterozygous cross on Cry1Ab-
expressing vegetative stage corn at 0.0. However,
when larvaewere rearedonCry1Ab-expressing plants
at reproductive stages, the survival rateof theCry1Ab-
resistant strain (18.3%) was greater than those of the
cross (11.0%) and the susceptible strain (0.3%). The
dominance of a resistance allele is h.
stoxRS h  stoxRR 1  h  stoxSS [2]
The standard value for h is 0.01 to keep the fre-
quency of major-resistant allele below 1% for 15 yr
with the standard simulations of the one-locus-to-one-
toxin population genetics scenario (Carrie`re et al.
2010).
For thepyramided-toxin scenario, the toxin survival
rate is either 1) the product of the two single toxin-
survival rates (multiplicative-toxin-survival rates), or
2) the smaller value of the two toxin-survival rates
(minimum-toxin-survival rates; Onstad and Meinke
2010). Because no studies provide evidence of cross-
resistance to Cry1 F and Cry1Ab in O. nubilalis, we
assume that cross-resistance to Cry1 F and Cry1Ab
does not occur.
Recent studies showed that the toxin-survival rates
of the Þrst instars feeding on Bt corn at reproductive
stages (R1Ð2 or R1Ð3) are signiÞcantly greater than
those on Bt corn at vegetative stages (V6Ð9; Pereira et
al. 2008, Crespo et al. 2009). To simplify this, we used
the linear-toxin-titer-decline model (Onstad and
Gould 1998a) in which the decline of the titers of two
toxins is similar because there is no evidence that the
decline is different for two toxins expressed in pyra-
mided corn. The model uses three time periods to
describe thedecline in toxinmortality; theÞrst period,
plag, is the lag between the date of anthesis (50%
silking or pollen shed) and the Þrst date of reduced
mortality. For this simulation, plag is 0 because sur-
vival rates of Bt-resistant strains and F1 hybrids, pro-
duced by Bt-susceptible strains and Bt-resistant
strains, declined when their host plants were at early
reproductive stages (Pereira et al. 2008, Crespo et al.
2009).Thedateof anthesis is 14 July(Juliandates: 195)
to represent the condition in Illinois. The second pe-
riod, pdec, is the duration of the linear decline in toxin
mortality from maximum larval mortality to 0%., The
survival rates of Bt-susceptible strains are 10% of
those ofCry1F-or-Cry1Ab-resistant strains onBt corn
at early reproductive stages (Pereira et al. 2008, Cre-
spo et al. 2009). For this reason, we decided that pdec
should be longer than the period of R1Ð3. We chose
42 d for the value of pdec because R5 is 35Ð42 d after
silking in Illinois (Nafziger 2007). The third period,
psep, is calculated as seven and is deÞned as the delay
between the decline for the genotypes that are
heterozygous at any locus and the decline in toxin
mortality for wild-type susceptible larvae. Toxin-sur-
vival rate after the date of anthesis for genotype is
stoxAnthesis(g).
stoxAnthesisg stoxg if time  anthesis  plag
[3]
Julian date is the unit for time and anthesis. After
anthesis, toxin-survival rates can increase for fully re-
sistant or heterozygous larvae.
stoxAnthesisg stoxg

time  anthesis  plag
pdec
if anthesis  plag  time  anthesis  plag
 pdec [4]
Genotypesnothavinga resistanceallele at any locus
are considered completely susceptible,
stoxAnthesisg stoxg if time  anthesis  plag
 psep [5]
stoxAnthesisg stoxg

time  anthesis  plag  psep
pdec
if time  anthesis  plag  psep [6]
None of the values of stox(g) and stoxAnthesis(g) are
allowed to exceed 1.0.
Table 1 describes how mortality factors affect the
early larval stages. We incorporate toxin survival rates
into the survival rates of Þrst, and possibly, second
instars. For Þrst instars after interplantmovement, the
survival rates are
surFstg stoxg
TOXW [7]
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surFst(g) is the survival rate for a genotype of Þrst
instars. We used TOXW to study the effect of the
timingof intra-plantmovement and the timingof toxin
mortality.Weevaluated two scenarios: toxinmortality
occurringonly forÞrst stadiumTOXW 1.0, and toxin
mortality occurring for Þrst and second stadia TOXW
is 0.5. The survival rates for second instars are
surSndg 0.81  stoxg
1	TOXW [8]
surSnd(g) is the survival rate for a genotype of sec-
ond instars. 0.81 is the natural survival rate for second
instars. Table 1 describes how mortality factors affect
the early larval stages.
ReproductionbySecond-generationMoths.Similar to
Onstad and Gould (1998b), we modeled mating and
reproduction separately for two subsequent genera-
tions.Theeggsoviposited in the secondgenerationare
distributed over time by the functions used byOnstad
(1988).
Reproduction by First GenerationMoths.We built
a simulation model based upon the data from Royer
and McNeil (1993) to calculate the proportion of
males mating in age classes. A Monte Carlo method
was used for generating a series of simulations for
polyandry. Data points from Fig. 1 in the publication
of Royer and McNeil (1993) are acquired by using
Enguage Digitalizer (http://digitizer.sourceforge.
net). We assume that males can mate the maximum
Þve-times for the 10-dmating period because the data
formatings after the Þfth are not available.Within the
10-d-mating period, 84%, 45%, 34%, 20%, and 20% of
males mated at least once, twice, three-times, four-
times, and Þve times, respectively. The means and
standard errors of lags between the 0-Þrst, Þrst-sec-
ond, second-third, third-fourth, fourth-Þfth mating
are (1.71
 0.11), (1.54
 0.13), (1.58
 0.17), (1.67

0.25), and (1.64 
 0.20), respectively. For each rep-
licate, a random deviate between 0 and one is drawn
and compared with the probability of the mating for
a given sequence. If the randomdeviate is less than the
probability of the mating for a given sequence, a male
copulates.Whenmatingoccurs, anormaldeviate,with
the mean and standard error of the lag for the given
mating sequence, is drawn to determine timing of
mating. The simulations were run 10,000-times. We
calculated, prob(ma), the probability of mating with
competition of all ages at an age of male (ma), from
0-d-old male to 9-d-old male as 0, 0.837, 0.037, 0.417,
0.258, 0.098, 0.169, 0.087, 0.124, and 0.003, respectively
(Fig. 2).
Anwar and Fe´ron (1971) observed that 70% of pairs
mated on the Þrst night after emergence and 30% on
the second night. Female moths are known to mate
usually once (Caffrey and Worthley 1927, McNeil et
al. 1997). For these reasons, we assumed that female
moths mate only once in a life time when they are 0 d
old. For the Þrst generation, propP(p), which is the
proportions of male moths of a genotype, p, in the
equation 11 is calculated by using the equation 12.
propPp
ma09 nPpma probmap1gt ma09 nPpma probma
[12]
nP(p)(ma) is the number ofmales of a genotype at an
age,ma. p is paternal genotype. gt is the total number
of genotypes ofO.nubilalis. prob(ma) is theprobability
of mating of males at an age with competition. We
assume oviposition declines with the age of female
moth (Barber 1925, Vance 1943) according to the
linear function developed by Onstad (1988) for Þrst-
generation moths.
Interplant Neonate Movement and Survival. Sev-
eral researchers have studiedneonatemovementofO.
nubilalis in different settings (Davis and Coleman
1997, Davis and Onstad 2000, Goldstein et al. 2010,
Prasifka et al. 2009 and 2010, S. E. Moser et al., un-
published data). We calculated interplant movement
parameters as the proportion of neonates leaving
non-Bt corn (0.76) and the proportion of neonates
leaving Cry1 F-, Cry1Ab-expressing corn (0.90), or
both. The survival rate because of movement is 0.1
(Onstad and Gould 1998b). The survival for those
staying on non-Bt corn after the eggs hatched is 0.8
(S. E. Moser et al., unpublished data). The predisper-
sal-tasting survival rate, spd, is deÞned as the survival
of susceptible larvae that taste the Bt corn and then
move to a refugeplant (Onstad andGould 1998b), and
Table 1. Sequence of mortality factors in early larval stages based on movement and location
Life stage Location Mortality factors
Neonate Bt and non-Bt corn 80% survive on original plant of any kind if they do not move
10% survive during inter-plant movement
Bt corn 100% survive due to predispersal tasting of Bt corn
First instar Bt corn If TOXW  1, low survival due to feeding on vegetative tissue
If TOXW  0.5, higher survival due to feeding on vegetative tissue
If PNIMB  1 and PIMB  0, Mortality on kernels
Non-Bt corn If PNIMR  1 and PIMR  0, Mortality on cross-pollinated kernels
Second instar Bt corn Mortality due to natural factors
If TOXW  0.5, mortality due to feeding on vegetative tissue
If PNIMB  0 and PIMB  0, mortality on kernels
Non-Bt corn Mortality due to natural factors
If PNIMR  0 and PIMR  0, mortality on cross-pollinated kernels
TOXW is the exponent for the toxin survival rate (distributes the effect over Þrst two stages).
PNIMB or PNIMR equals 1 for the instar that moves to corn ears.
PIMB and PIMR are the probabilities of moving to corn kernels given PNIM  1.
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in the model this factor is set to 1.0 based on obser-
vations of S. E. Moser et al. (unpublished data). For a
seed mixture plot, the function to calculate the input
rate to Þrst instars is
Nr	ls 1  0.76  hchn 0.80  0.76  Propr
 0.1  hchn 0.90  1  Propr  0.1  hcht
 spd [14]
NBt	ls 1  0.90  hcht 0.80  spd  0.90
 1  Propr  0.1  hcht spd  0.76  Propr
 hchn 0.1 [15]
Nr	lsandNBt	lsare the inputratesofagivengenotype
to Þrst instars on stem or leaves in refuge and on those
in transgenic plot, respectively. hchn and hcht are the
number of a given genotype hatching each day. Propr is
the proportion of non-Bt corn. In each equation, the
terms in sequenceon the righthand side are thenumber
of neonates staying on the plant uponwhich they hatch,
the number of neonates moving to a plant of the same
type, and the number of neonates moving to a plant of
a different type (Onstad and Gould 1998b). The input
rate for Þrst larval stadium in a block plot is
Nr	ls 1  0.76  hchn 0.80  0.76  0.1
 hchn [16]
NBt	ls 1  0.90  hcht 0.80  0.90  0.1
 hcht [17]
For the block plot, we ignore the movement be-
tween a non-Bt plant and a Bt plant because the
proportion of neonates moving between a non-Bt
plant and a Bt plant in block plot is very small.
Intraplant Larval Movement to Kernels. Shelton et
al. (1986, Fig. 2) studied sweet corn and observed 2%
of small larvae on ears frommidtasseling stage (VT) to
late-silking stage (R1) and 42.6% from late-silking
stage to dent stage (R5). Batchelder (1949) reported
that themean proportion of larvae on ears from early-
silk to roasting-ear (R) stagewas38%onÞeldcorn.We
assume that larvae move to ears from the day toxin
mortality in the vegetative tissues starts to decline.We
assume that larvae move from leaves or stems to ker-
nels right after the interplant movement or right be-
fore the end of the Þrst stadium. Equations 18Ð21 are
the functions for neonates not moving to non-Bt ker-
nels, moving to non-Bt kernels, not moving to Bt ker-
nels, and moving to Bt kernels, respectively.
Nr	lsNr	ls 1.0 PIMR PNIMR [18]
Nr	k Nr	ls PIMR  PNIMR [19]
NBt	lsNBt	ls 1.0 PIMB PNIMB [20]
NBt	k NBt	ls PIMB  PNIMB [21]
Nr	k and NBt	k are the input rates of a given geno-
type to Þrst instars moving to non-Bt kernels and to Bt
kernels, respectively. PIMR and PIMB are the propor-
tion of larvae moving to kernels on refuge and Bt
plants, respectively. For the standard simulations,
PIMR and PIMB are 0.2. PNIMR is the proportion of
neonates that move to ears of non-Bt corn. PNIMB is
the proportion of neonates that move to ears of Bt
corn.PNIMR andPNIMB are 0 or 1. The standard value
for PNIMR and PNIMB are 1.0. Equations 22Ð23 are the
Fig. 2. Proportion of male mating in age classes calculated from theO. nubilalis protandry simulation model based upon
the study of Royer and McNeil (1993). The width of male-age class is 0.1 d.
204 ENVIRONMENTAL ENTOMOLOGY Vol. 41, no. 1
functions for larval movement to non-Bt kernels right
before the end of the Þrst stadium. The functions for
larval movement to Bt kernels right before the end of
the Þrst stadium are equations 24Ð25.
Firstr	ls Firstr	ls 1  PIMR  1  PNIMR
[22]
Firstr	k Firstr	k Firstr	ls PIMR
 1  PNIMR [23]
FirstBt	ls FirstBt	ls 1  PIMB  1  PNIMB
[24]
FirstBt	k FirstBt	k FirstBt	ls PIMB
 1  PNIMB [25]
Firstr	ls and FirstBt	ls are the input rates of a given
genotype to second larval stadium not moving to
non-Bt kernels and to Bt kernels, respectively.
Firstr	k and FirstBt	k are the input rates of a given
genotype to second instarsmoving to non-Bt kernels
and to Bt kernels, respectively. Larvae in kernels,
except overwintering Þfth instars, are assumed not
to leave kernels until pupation. Shelton et al. (1986)
and Batchelder (1949) added the proportions of
small larvae on kernels and on silks to calculate the
proportion of larvae on ears. For this reason, we use
40% as the upper limit in the sensitivity analysis for
the proportion of larvae moving to kernels. For the
standard simulation, 20% of larvae in refuge and
transgenic plots are assumed to move to kernels.
Cross-pollination From Bt to Refuge Corn. Cross-
pollination from Bt corn to non-Bt corn, and vice versa,
can inßuence the toxin exposure of kernel-feeding lar-
vae. For example, an ear on a refugeplant can expressBt
toxinwhen it is fertilized bypollen fromcorn expressing
Bt toxin (Chilcutt and Tabashnik 2004, Burkness et al.
2011), and this may increase the Bt-toxin-induced mor-
tality for the individuals developing in ears of non-Bt
corn. These changes in toxin exposure may undermine
the effect of refuge on Bt-resistance evolution. Chilcutt
and Tabashnik (2004) reported that Cry1Ab is detected
in kernels of non-Bt corn up to 31 m from a plot of
Cry1Ab-expressing corn. The negative correlation of
Cry1Ab concentration in kernels of non-Bt corn and the
distancebetween a refugeplot and a transgenic plotwas
shown by Chilcutt and Tabashnik (2004). Chilcutt and
Tabashnik (2004) estimated that themeanCry1Ab con-
centration in kernels of non-Bt corn, located 1m from a
plot of Cry1Ab-expressing corn, was 45% of the mean
Cry1Ab concentration in kernels of corn expressing
Cry1Ab.TheconÞgurationof a refugeblock anda trans-
genic-corn block inßuences the proportion of non-Bt
ears in a refuge fertilized by Bt pollen from a transgenic
block (Burkness et al. 2011). Burkness et al. (2011) es-
timated that the survival rates of second instars feeding
onnon-Btear fertilizedbyCry1Abpollenandnon-Btear
fertilized bynon-Bt pollen are 0.600
 0.066 and 1.000

0.0, respectively.
For the single-toxin scenario, the toxin-survival rate
for susceptible homozygotes on cross-pollinated ref-
uge corn ears is stoxRKSS 0.6. stoxRK(g) is the toxin-
survival rate of a genotype, g, on ears in refuge. Re-
sistance confers 100% survival in resistant
homozygotes on cross-pollinated corn kernels. The
toxin-survival rate for heterozygotes is
stoxRKRS stoxRKRR hRK  stoxRKSS
 1  hRK [26]
hRK is the dominance of resistance allele for larvae
in non-Bt-ear fertilized by Bt pollen. The standard
value for hRK is 1.0, which is a conservative estimate
that promotes evolution of resistance. We studied a
range of stoxRKSS and hRK.
For thepyramided-toxin scenario, the toxin survival
rate of larvae feeding on kernels in the refuge is either
1) the product of the two toxin-survival rates deter-
minedby the two locior2) the smallervalueof the two
toxin-survival rates (Onstad and Meinke 2010). We
evaluated values for stoxRKSS ranging from0.01 to 0.77
in a sensitivity analysis. Because we found 2% dif-
ference in durability, we used 0.77 as our standard
value for each toxin per locus.
For larvae on ears in refuge we use function 27 to
calculate stoxAnthesis(g), toxin-survival rate after the
date of anthesis.
stoxAnthesisg PropCr  stoxRKg
 1.0  PropCr  1.0 [27]
PropCr is the proportion of refuge contaminated by
Bt pollen. For block-refuge scenarios, the proportion
and toxin concentration of non-Bt-corn ears can be
inßuenced by factors including refuge size, refuge
shape, distance from the Bt corn plot, wind speed,
wind direction, and pollen longevity (Chilcutt and
Tabashnik 2004). For our simple model, we study a
range of PropCr in block-refuge scenarios to deter-
mine how sensitive the model results are to pollen
contamination. The standard value for PropCr is 0. For
a seedmixtureplot, eachnon-Bt cornplant is expected
tobe locatedclose toaBt cornplant, so 100%ofnon-Bt
ears can be fertilized by Bt pollen, which means that
some kernels in all ears in a refuge are fertilized by
pollen from Bt corn plants. The standard value of
PropCr for seed-mixture refuge is 0.To study theeffect
of cross-pollination in a seed mixture refuge, we com-
pare the result of the simulation with the standard
value of PropCr and that with 100% cross-pollination
in a seed mixture refuge.
Larvae Feeding on Bt Ear. Burkness et al. (2011)
estimatedthat thesurvival ratesof second instars feeding
on Cry1Ab ears fertilized by Cry1Ab pollen and on
Cry1Ab ear fertilized by non-Bt pollen are 0.075
 0.053
and 0.029 
 0.029, respectively, which are not signiÞ-
cantlydifferent.For thesingle-toxinscenario,weassume
that the toxin-survival rate of the homozygous suscep-
tible feeding on a Bt ear, stoxBKSS, is 0.052 the mean of
the two treatmentsdescribedabove.Tobeconservative,
we assume that resistance confers 100% toxin survival
(stoxBKRR1) in resistanthomozygotesonBtears.The
toxin-survival rate for heterozygotes is
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stoxBKRS stoxBKRR hBK  stoxBKSS
 1  hBK [28]
hBK is the dominance of resistance allele for larvae
in Bt-ears. The standard value for hBK is 0.25. We
studied a range of stoxBKSS and hBK.
For thepyramided-toxin scenario, the toxin survival
rate is either the product of the two toxin-survival
rates determined by the two loci or the smaller value
of the two toxin-survival rates (Onstad and Meinke
2010). In a sensitivity analysis we evaluated a range of
values for stoxAnthesis(g)  stoxBK(g) from 0.001 to
0.23. Because thedifference indurabilitywas2%,we
set the standard value for stoxBKSS  0.23.
Survival.Onstad and Gould (1998b) estimated that
thenatural-density-independent survival ratesof third
instars, fourth instars, Þfth instars, pupa, male moths,
and female moths are 0.81, 0.81, 0.81, 0.89, 1.0, and 1.0,
respectively. The natural-density-independent sur-
vival rate of eggs is described in the oviposition sec-
tion. The survival rates for the Þrst and second instars
are the product of the natural-density-independent
survival rates,whichare 1.0 for theÞrst instars and0.81
for the second instars, and the toxin-survival rates. The
survival rate of third instars is calculated by multiply-
ing the natural-density-independent survival rate of
third instars by density-dependent survival rate,
which occurs in life stages experiencing signiÞcant
competition. The survival rates for the fourth instars,
the Þfth instars, and pupae are the natural-density-
independent survival rates.
We assign a certain number of age cells to each life
stage. Each day, the number of individuals in one cell
in life stage is shifted to the next cell. During that
shifting, the number of individuals is multiplied by
B(1/C), where B is survival rate per life stage and C is
the number of age cells in a life stage. When insects
complete one life stage, the number of individuals in
the last age cell in one life stage is shifted to the Þrst
age cell in the next life stage.
The survival rates of third instars in the refuge plot
and those in the Bt plot are calculated separately. A
function for density-dependent survival of third in-
stars is based upon data reported by Witkowski and
Echtenkamp (1987). They sampled the number of
second-generation eggmasses per plant, anddissected
corn plants to sample the number of live larvae in the
plants 20d after theegg-mass sampling.Toconvert the
mean numbers of egg masses per plant to the mean
numbers of third instars per plant, 3.918 is multiplied
by themean number of eggmasses per plant. (3.918
20 [the number of eggs per egg mass]  0.95 [the
probability of egg fertilized] 0.95 [theprobability of
egg hatching]  (0.76 [the probability of neonate
moving away from non-Bt corn]  0.1 [the survival
rate because of movement]  (0.24 [the probability
of neonate staying on non-Bt corn] 0.8 [the survival
rate because of staying on the natal plant[ 0.81 [the
survival rate of second instars]). The data points in-
dicating zero egg masses per plant were not used. The
maximumegg-to-larva survival rate for 20 d in the data
are 0.3, so 0.3 is assumed to be the density-indepen-
dent egg-to-third-instar-larval-survival rate for the
analysis. Egg-to-larva survival rates for 20daredivided
by 0.3 to calculate density-dependent survival rates.
We applied a negative exponential function to de-
scribe the density-dependent-survival rate (Fig. 3).
DDS e	0.1068158t Dt when t  210 [29]
DDS e	0.1068210t Dt when t  210 [30]
DDS is density-dependent-survival rate, and 158
and 210 are the day simulation starts and the day
second-generation eggs Þrst appear, respectively.Dt is
the number of individuals completing second stadium
on day t. Equations 29Ð30 are for the Þrst and the
Fig. 3. Density-dependent survival rate function based upon data from Witkowski and Echtenkamp (1987).
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second generations, respectively. Because of the lack
of data, the Þrst- and second-generations are assumed
to be affected by the same limitation in density-de-
pendent survival.
Insect Maturation. Nine life stages (egg, Þve larval
stadia, pupa, male and female adults) with constant
rates of maturation are simulated. The developmental
period for each life stage was estimated by averaging
the Þrst and second generation data collected in Illi-
nois (Calvin et al. 1991, Mason et al. 1996). The pupal
period, however,was estimated fromIowadata (7.6d)
(Calvin et al. 1991, Mason et al. 1996) because that in
Illinois was not investigated and the development of
O. nubilalis in Iowa is similar to that in Illinois. Based
upon this information and rounding tonearest integer,
the duration of egg, Þrst, second, third, fourth, and
Þfth instars, and pupal stage were determined to be 6,
5, 5, 6, 10, 8, and 8 d, respectively. Female adults pass
through a 4-d preoviposition period before the 10-d
period for oviposition (Caffrey and Worthley 1927,
Huber et al. 1928, Bottger and Kent 1931, Sparks et al.
1966). The time step in the model is 1 d, and the
number of insects in each cell in life stages is trans-
ferred to the next cell with attrition each day. The Þrst
cell in the life stage receives the input to the life stage.
Overwintering. Postdiapause development of lar-
vae, pupae, and adults in the following spring is not
modeled explicitly because of the lack of data. Onstad
and Gould (1998b) estimated that the proportion of
Þfth instars surviving fromOctober toMay is 0.18. The
number of second-generation adults for a given ge-
notype is the sum of the Þfth instars in diapause mul-
tiplied by overwintering-survival rate and the survival
rate for pupal stage (0.89) (Onstad andGould 1998b).
Results
Without Cross-pollination. With single-toxin, the
model predicts that it takes 38 yr for the resistance
allele frequency to exceed 0.5 with the 20% block and
20% seed-mixture refuge (Fig. 4). The comparison of
5% block refuge and 5% seed-mixture refuge for pyr-
amided corn is shown in Fig. 5. For pyramided toxin,
when there is no refuge, the frequencies of two re-
sistance alleles exceed 0.5 in 5 yr if multiplicative-
toxin-survival rates are used and 12 yr if minimum-
toxin-survival rates are used. When the proportion of
seed-mixture refuge is 5%, the resistance allele fre-
quencies exceed 0.5 in circa 64 yr. Overall, without
cross-pollination the seed-mixture delays the evolu-
tionof resistanceat least aswell as ablock refugewhen
examined with two separate population genetics sce-
narios.
Cross-pollination in Refuge. When 50% of ears in
20% block refuge are cross-pollinated, the resistance
allele frequencies exceed 0.5 2 yr earlier than with 0%
Fig. 4. The number of years required for the resistance allele frequency to increase from 0.0001 to 0.5 in block or
seed-mixture refuge under single-toxin scenario without cross-pollination.
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cross-pollination under single-toxin scenario. When
100% of non-Bt ears in a seed-mixture are cross-pol-
linated, the resistance allele frequencies exceed 0.5 2
yr earlier under single-toxin scenario. Therefore, the
proportion of cross-pollinated ears in refuge has little
effect on resistance evolution given our standard as-
sumptions.
The timing of toxinmortality during the larval stage
is very important for model results (Tables 2 and 3).
Generally, resistance evolution is delayed if some of
the mortality is avoided with movement. This occurs
because there is a high probability susceptible larvae
move away from a Bt-corn plant (see TOXW, one
versus 0.5, in Tables 2 and 3). The proportion of larvae
moving to the corn ears (PIM) had only a slight in-
ßuence on the results (Tables 2 and 3). The value of
PNIMR had no inßuence on the results. This indicates
that the timing of intraplant movement is not very
important.
Neither the survival on non-Bt corn kernels nor the
dominance of resistancewhen feeding on these cross-
pollinated kernels inßuences the evolution of resis-
tance.When the toxin survival rate of thehomozygous
susceptible larvae feeding on cross-pollinated kernels
(stoxRKSS) is within a range of 0.01Ð0.6, there is 1Ð2 yr
difference in durability (5%) for the scenarios with
a single-toxin and a 20%block refuge. The same is true
for the scenario with pyramided toxin and a 5% seed
mixture when stoxRKSS is within a range of 0.01Ð0.77.
For both single-toxin and pyramided-toxin scenarios,
changing the dominance hRK over its entire range had
little impact on results; 1 yr change compared with
values in Tables 2 and 3.
We simulated a worst-case scenario with 100% cross-
pollinationofears inseed-mixturerefuge, toxinmortality
only for Þrst instars, 40% of larvae move to non-Bt ears,
only Þrst instarsmove to non-Bt ears, stoxRKSS is 0.01 for
single-toxin and pyramided-toxin scenarios, and the
dominance of the resistance allele is 1.0. In this case,
resistance evolves in 23 yr under single-toxin scenario
with20%-seed-mixture refuge, and59yrunderpyramid-
ed-toxin scenariowith 5%-seed-mixture refuge andmul-
tiplicative-toxin-survival rates.
Toxin Expression in Bt Corn Ear. Resistance
evolves circa 5 yr earlier when neonates move to ears
(PNIMB  1) than when movement occurs with Þrst
Fig. 5. The number of years required for the resistance allele frequencies to increase from 0.0001 to 0.5 in block or
seed-mixture refuge under pyramided-toxin scenario with multiplicative-toxin-survival rates without cross-pollination.
Table 2. The effect of PIMR (the proportion of larvae moving
to kernels on refuge plants) and TOXW (the proportion of toxin
mortality during ﬁrst-instar stage) on Bt-resistance evolution in O.
nubilalis under single-toxin scenario with cross-pollination
PIMR
Block refuge Seed-mixture refuge
TOXW 0 0.2 0.4 0 0.2 0.4
1 34 32a 31 34 32 29
0.5 37 36 34 38 35 32
Numbers in the table are the no. of years required for resistance
allele frequency to exceed 0.5 with a 20% block refuge with 50%
cross-pollination or 20% seed-mixture refuge with 100% cross-polli-
nation.
hRK  1.0 and PNIMR  1.
a Result with standard version of model.
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andsecond instars (PNIMB0).Whentheproportion
of larvae moving to ears on Bt corn (PIMB) changes
from 20% to 40%, the resistance allele frequency ex-
ceeds 0.5 5Ð6 yr faster under single-toxin scenario
(Table 4), and 6Ð11 yr faster under pyramided-toxin
scenario (Table 5). Under the pyramided-toxin sce-
nario, with standard dominance hBK is 0.25, the resis-
tance allele frequencies do not exceed 0.5within 50 yr
in any combinations of PIMB, PNIMB, and TOXW
(Table 5). As noted above for Tables 2 and 3, when
toxin mortality occurs during Þrst and second instars
(TOXW  0.5), resistance evolves slower only when
neonates move to Bt ears compared with when only
second instars move to Bt ears (Tables 4 and 5).
The survival of susceptible larvae on Bt-corn ker-
nels has only a minor inßuence on results. When the
toxin survival rate of the homozygous susceptible lar-
vae feeding on cross-pollinated kernels (stoxBKSS) is
within a range of 0.001Ð0.1, there is 1Ð2 yr difference
in durability (10%) for the scenarios with a single-
toxin. With pyramided toxin and a 5% block refuge,
varying stoxRKSS over the range 0.01Ð0.23, the results
changed by no 5%.
The dominance of resistance when feeding on these
cross-pollinatedkernels ismuchmore important forevo-
lution of resistance. For the single-toxin scenario, evo-
lution occurs in circa 23 yr with hBK  1, but requires
41Ð46yrwithhBK0,dependingonthevalueofTOXW.
Thus, recessiveexpressionof resistancetokernel toxicity
on Bt corn can double the time to resistance evolution
compared with the completely dominant case. For the
pyramidedBtcornscenario, the results aregenerally less
sensitive to this parameter (Table 6), but still demon-
strate the importance of this parameter.
The worst case scenario of reduced mortality on ears
of Bt corn results in resistance evolution in 16 yr under
single-toxin scenario with 20% block refuge, and 56 yr
under pyramided-toxin scenario with 5% block refuge
and multiplicative-toxin-survival rates. The worst-case
parameters are stoxBKSS is 0.01 for single-toxin and pyr-
amided-toxin scenarios, toxinmortality occurs only dur-
ing Þrst-instar stage, 40% of larvae move to Bt ears, only
Þrst instars move to Bt ears, and the dominance of the
resistance allele for larvae feeding on Bt-ears is 1.0.
Discussion
Our model results indicate that seed mixtures and
block refuges of the same proportion can delay resis-
tance byO. nubilalis to Bt corn equallywell. This occurs
because, in this model, O. nubilalis mates at random
acrossblocksandtheempiricaldatausedinthisstudydid
not Þnddifferential selection because of larval genotype
or movement in single-toxin corn, which is assumed for
the pyramided toxin in this model (S. E. Moser et al.,
unpublished data). The warnings about less effective
Table 3. The effect of PIMR (the proportion of larvae moving
to kernels on refuge plants) and TOXW (the proportion of toxin
mortality during ﬁrst-instar stage) on Bt-resistance evolution in O.
nubilalis under pyramided-toxin scenario with cross-pollination
PIMR
Multiplicativeb Minimumc
TOXW 0 0.2 0.4 0 0.2 0.4
1 62 61a 59 67 66 66
0.5 78 75 72 83 83 82
Numbers in the table are the number of years required for resis-
tance allele frequency to exceed 0.5 with a 5% seed-mixture refuge
with 100% cross-pollination.
hRK  1.0 and PNIMR  1.
a Result with standard version of model.
b Product of two toxin-survival rates.
cMinimum of two toxin-survival rates.
Table 4. The effects of PIMB (the proportion of larvae moving
to Bt ears) and TOXW (the proportion of toxin mortality during
ﬁrst-instar stage) on Bt-resistance evolution in O. nubilalis under
single-toxin scenario
PIMB
Block refuge Seed-mixture refuge
TOXW 0 0.2 0.4 0 0.2 0.4
1 39 34a 29 39 34 29
0.5 43 37 31 44 38 32
Numbers in the table are the no. of years required for resistance
allele frequency to exceed 0.5 with a 20% block refuge with 0%
cross-pollination or 20% seed-mixture refuge with 0% cross-pollina-
tion.
hBK  0.25 and PNIMB  1.
a Result with standard version of model.
Table 5. The effects of PIMB (the proportion of larvae moving
to Bt ears) and TOXW (the proportion of toxin mortality during
ﬁrst-instar stage) on Bt-resistance evolution in O. nubilalis under
pyramided-toxin scenario
PIMB
Multiplicativeb Minimumc
TOXW 0 0.2 0.4 0 0.2 0.4
1 65 59a 53 63 58 51
0.5 83 73 62 79 70 60
Numbers in the table are the number of years required for resis-
tance allele frequency to exceed 0.5 with a 5% block refuge with 0%
cross-pollination.
hBK  0.25 and PNIMB  1.
a Result with standard version of model.
b Product of two toxin-survival rates.
cMinimum of two toxin-survival rates.
Table 6. The effects of hBK (the dominance of resistance allele
for larvae feeding on Bt kernels), and TOXW (the proportion of
toxin mortality during ﬁrst-instar stage) on Bt-resistance evolution
in O. nubilalis under pyramided-toxin scenario
hBK
Multiplicativeb Minimumc
TOXW 0.0 0.1 0.5 1.0 0.0 0.1 0.5 1.0
1 66 62a 58 50 67 66 65 63
0.5 84 77 70 60 84 82 81 78
Numbers in the table are the number of years required for resis-
tance allele frequency to exceed 0.5 with a 5% block refuge with 0%
cross-pollination.
PIMB  0.2 and PNIMB  1, and stoxBKSS  0.23.
a Result with standard version of model.
b Product of two toxin-survival rates.
cMinimum of two toxin-survival rates.
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seed mixtures for Bt corn IRM made by Onstad and
Gould (1998) and Davis and Onstad (2000) were based
on the unsupported assumption that differential selec-
tiondidoccurbecauseoflarvalmovementbysusceptible
and heterozygous individuals.
Resistance evolution is not signiÞcantly expedited
by cross-pollination or O. nubilalis larval movement
and survival onkernelsofnon-Btcorn for four reasons:
1) Ears are available only for the second generation of
O. nubilalis in Illinois; 2) the proportion of refuge is
20% for single-toxin-trait corn or 5% for multiple-
toxin-trait corn; 3) only a fraction of the second gen-
eration larvae are assumed to move to the ears; and 4)
mortality caused by toxins expressed in non-Bt ears,
which are fertilized by Bt pollen, is not high.
The twomost important processes identiÞed by this
modeling exercise are the timing of toxin mortality
during the larval stages and the dominance of resis-
tance to toxins expressed in kernels of Bt corn. Addi-
tionalwork on other corn pests also is needed because
Bt-pollen drift in seed-mixture plantings may have a
signiÞcant impact on the evolution of Bt resistance in
insects which complete most of their Cry-toxin-sus-
ceptible-life stages on corn ears, includingHelicoverpa
zea (Boddie) and Striacosta albicosta (Smith) (Burk-
ness et al. 2011,Onstad et al. 2011).More ears in a seed
mixture refuge are subject to the fertilization by trans-
genic pollen than those in block refuge. Therefore,
monitoring ear-feeding pests in seed mixtures is im-
portant, but plants in a seed-mixture refuge are more
difÞcult to locate and monitor than those in a block
refuge (Onstad et al. 2011).
The results of the model partially depend on the
knowledge acquired from the experiments of S. E.
Moser et al. (unpublished data). They studied move-
ment and survival of three genotypes of larvae on one
kind of transgenic corn. Prasifka et al. (2009, 2010)
studied two genotypes of larvae under different con-
ditions by using another transgenic insecticidal corn
trait. Prasifka et al. (2010) found thatCry1Ab resistant
larvae had a higher probability of leaving a Bt corn
plant for an adjacent non-Bt plant thandid susceptible
larvae. Yet S. E. Moser et al. (unpublished data) ob-
served that susceptible larvae disperse from Cry1 F-
expressing corn more than Cry1 F-resistant larvae.
Similarly, Goldstein et al. (2010) also determined that
susceptible neonates frequently move from Bt corn
and can establish on neighboring non-Bt corn. In our
model, the main factors of concern for insect resis-
tance management are the movement and survival of
heterozygotes, measured by S. E. Moser et al. (un-
published data). The variety of observations for
resistant larvae demonstrates the need for addi-
tional studies of larval movement by all possible
genotypes of insect pests controlled by transgenic
corn, and in particular larval movement in repro-
ductive stage corn.
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